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Background and purpose: Endocannabinoids in tissues controlling energy homeostasis are altered in obesity, thus contrib-
uting to metabolic disorders. Here we evaluate endocannabinoid dysregulation in the small intestine of mice with diet-induced
obesity (DIO) and in peripheral tissues of Zucker and lean rats following food deprivation and re-feeding.

Experimental approach: Intestinal transit, evaluated using rhodamine-B-labelled dextran, and small intestinal endocannab-
inoid levels, measured by liquid chromatography mass spectrometry, were measured in mice fed normal or high-fat diets
(HFDs). Endocannabinoid levels were measured also in various tissues of lean and Zucker rats fed ad libitum or following
overnight food deprivation with and without subsequent re-feeding.

Key results: After 8 weeks of HFD, baseline intestinal transit was increased in DIO mice and enhanced by cannabinoid CB,
receptor antagonism less efficaciously than in lean mice. Small intestinal anandamide and 2-arachidonoylglycerol levels were
reduced and increased respectively. In Zucker rats, endocannabinoids levels were higher in the pancreas, liver and duodenum,
and lower in the subcutaneous adipose tissue. Food deprivation increased endocannabinoid levels in the duodenum and liver
of both rat strains, in the pancreas of lean rats and in adipose tissues of Zucker rats.

Conclusions and implications: Reduced anandamide levels might account for increased intestinal motility in DIO mice.
Regulation of endocannabinoid levels in rat peripheral tissues, induced by food deprivation and re-feeding, might participate
in food intake and energy processing and was altered in Zucker rats. These data, together with previous observations, provide
further evidence for dysregulation of peripheral endocannabinoids in obesity.
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(CB;) receptors (nomenclature follows Alexander et al., 2008),
are deeply involved in the control of food intake and energy
homeostasis (see Matias and Di Marzo, 2007; Matias et al.,
2007; Cota, 2008; Jesudason and Wittert, 2008; Pagano et al.,
2008). Therefore, it is not surprising that there is increasing
evidence for the involvement of these molecules also in
obesity and related metabolic and cardiovascular disorders
(see Bellocchio etal., 2007, Mendizdbal and Adler-
Graschinsky, 2007; Di Marzo, 2008a; Scheen and Paquot,
2008). This evidence is paralleled by the clinical development
of CB; receptor antagonists for the treatment of obesity (Van
Gaal efal., 2005; Addy et al., 2008), dyslipidemia (Després
et al., 2005), type 2 diabetes (Scheen et al., 2006) and athero-
sclerosis (Di Marzo, 2008b; Nissen et al., 2008). In fact, it was
hypothesized (Di Marzo and Matias, 2005) that the high effi-
cacy of CB; receptor antagonists at reducing body weight in
obese animals and humans, in a way also independent from
food intake inhibition, is due to the occurrence of a general
up-regulation of the endocannabinoid system in obesity, not
only at the central (Di Marzo et al., 2001), but also at the
peripheral (Engeli et al., 2005; Monteleone et al., 2005; Osei-
Hyiaman et al., 2005; Matias et al., 2006; 2008a) level.

Loss of hormone regulation over endocannabinoid levels
is emerging as one of the main reasons for dysregulated
endocannabinoid levels during obesity. In the hypothalamus,
where leptin tonically down-regulates endocannabinoid bio-
synthesis, it was not surprising to observe elevated endocan-
nabinoid levels in obese rodents with a malfunctioning leptin
signalling system (Di Marzo et al., 2001). More intriguingly, it
was recently shown that central leptin negatively controls
endocannabinoid levels also in the white adipose tissue (WAT)
(Buettner et al., 2008). In peripheral organs, however, also
insulin seems to down-regulate endocannabinoid levels, or
up-regulate endocannabinoid degradation, in lean animals, as
shown so far in rat insulinoma cells (Matias et al., 2006),
mouse 3T3L1 adipocytes (D’Eon et al., 2008) and human sub-
cutaneous fat (Murdolo etal., 2007). Therefore, not only
central leptin resistance, but also peripheral loss of sensitivity
to insulin might result in elevated endocannabinoid levels.
Accordingly, this phenomenon appears to precede the devel-
opment of overt obesity and accompanies hyperglycemia in
the liver (Osei-Hyiaman et al., 2005), pancreas (Starowicz
et al., 2008), brown adipose tissue, soleus muscle and heart
(Matias et al., 2008a) of mice fed for several weeks with high-
fat diets (HFDs). In these mice, a striking redistribution of
endocannabinoid tone in the various WAT depots, with
decreased, unchanged and increased levels in the subcutane-
ous, mesenteric and epidydimal fat, respectively, was observed
(Matias et al., 2006; D’Eon et al., 2008; Starowicz et al., 2008).
By contrast, discrepant, and possibly species-specific, data
exist regarding the dysregulation of CB, receptors in the vis-
ceral and subcutaneous fat of rodents with HFD-induced
obesity (DIO), with reports of either over-expression in rats
(Yan et al., 2006) or no changes in mice (Starowicz et al., 2008).

In agreement with the clinical data with CB; receptor
antagonists, peripheral elevation of endocannabinoid tone
has been reported also in obese humans, for example, in
overweight/obese women with binge eating disorder (Mon-
teleone et al., 2005) and in obese post-menopausal women
(Engeli etal., 2005), in whom elevated blood levels of
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endocannabinoids were reported. Similar to observations in
DIO mice (Matias et al., 2006; Starowicz et al., 2008), elevation
of only 2-AG levels was observed in the visceral, but not
subcutaneous, adipose tissue of overweight/obese humans
(Matias et al., 2006). Two subsequent studies showed a posi-
tive correlation between 2-AG, but again not AEA, plasma
levels and the amount of intra-abdominal fat (IAA) (measured
by computer tomography) in obese humans (Blither et al.,
2006; Coté et al., 2007). In these studies, plasma 2-AG levels
also positively correlated with several cardiometabolic risk
factors, such as decreased high density lipoprotein (HDL)-
cholesterol and increased triacylglycerol levels, and indexes of
insulin resistance. Accordingly, in overweight/non-obese
patients with type 2 diabetes, both AEA and 2-AG plasma
levels were found to be elevated as compared with non-
diabetic matched controls (Matias et al., 2006), thus underly-
ing again the potential link between insulin resistance and
elevated endocannabinoid tone.

Dysregulated endocannabinoid levels (and hence CB,;
receptor activity) might affect all those biological actions that
are exerted through the endocannabinoid system in various
organs. For example, in the adipose tissue, where CB, receptor
activation stimulates adipogenesis and lipogenesis (Matias
et al., 2006; Bellocchio et al., 2008), the higher endocannab-
inoid tone in the visceral versus subcutaneous fat might con-
tribute to accumulation of fat in the former depot at the
expense of the latter. This phenomenon, given the proposed
role of IAA in insulin resistance and atherogenic inflamma-
tion (Després et al., 2005), might in turn facilitate the devel-
opment of type 2 diabetes and atherosclerosis. If CB, receptor
stimulation inhibits adiponectin expression and release, as
shown so far in mouse and rat (Matias et al., 2006; Perwitz
et al., 2006) mature/hypertrophic adipocytes, this scenario
would be even worse, as this adipokine protects skeletal
muscle against insulin resistance and counteracts atherogenic
inflammation by inhibiting the release and effect of pro-
inflammatory cytokines. In the liver, up-regulation of both
CB; receptors and endocannabinoid levels is known to facili-
tate excessive hepatic fatty acid and triglyceride production,
which in turn contribute to insulin resistance and low-HDL/
high-very low density lipoprotein (VLDL)-cholesterol, respec-
tively, as well as to fatty liver (Osei-Hyiaman et al., 2005;
2008). Generalized endocannabinoid level up-regulation,
such as after administration of a potent inhibitor of AEA and
2-AG degradation, also directly enhances plasma triacylglyc-
erol levels by impairing apolipoprotein E-mediated clearance
of triacylglycerol-rich lipoproteins (Ruby et al., 2008). In the
pancreas, the consequences of endocannabinoid overactivity
might include excessive insulin release (Matias et al., 2006;
Bermudez-Silva et al., 2008), which, combined with reduced
insulin sensitivity, might lead to further hyperglycemia and
eventually to B-cell hypertrophy and death and, hence, type 2
diabetes (Di Marzo, 2008a). In the stomach, a recent study
showed that DIO in mice is accompanied by reduced gastric
AEA and CB; expression levels and delayed gastric emptying
(Di Marzo et al., 2008). As CB, receptor activation also reduces
gastric emptying, the authors concluded that in this organ a
dysregulated endocannabinoid system was not responsible for
the observed HFD-induced reduction in gastric emptying
(which, however, if anything, would counteract food intake).



However, a potential obesity-driven dysregulation of
endocannabinoid levels in the small intestine and duode-
num, where CB,; receptors control motility (and hence to
some extent nutrient absorption) and satiety, respectively, has
not yet been investigated.

Another issue that also remains to be investigated is how
obesity affects the widely described food deprivation and
re-feeding-induced increases and decreases, respectively, in
AEA levels in the duodenum (G6mez et al., 2002; Petersen
et al., 2006; Fu etal., 2007). In fact, in the hypothalamus,
where endocannabinoids are negatively and positively con-
trolled, respectively, by hormones the levels of which
decrease (in the case of leptin) or increase (in the case of
ghrelin and glucocorticoids) following food deprivation,
which then undergo opposite changes following food con-
sumption (Di Marzo et al., 2001; Malcher-Lopes et al., 2006;
Matias and Di Marzo, 2007 Kola et al., 2008; for review), it is
easy to explain why food deprivation causes an increase in
2-AG levels that is fully reversed by re-feeding (Kirkham et al.,
2002). Furthermore, the well-established observation that
these hormones become either ineffective (leptin) or over-
produced (ghrelin and glucocorticoids) during obesity, also
allows to explain the overproduction of endocannabinoids in
the hypothalamus of obese animals (Di Marzo et al., 2001).
By contrast, little is known of the mechanisms through
which AEA levels are elevated in the duodenum following
food deprivation and reduced following food consumption,
apart from the suggestion that this phenomenon is not due
to changes in biosynthetic and/or degradative enzymes (Fu
etal., 2007), but rather to different availability of biosyn-
thetic precursors (Petersen et al., 2006). Possibly more impor-
tant from a clinical standpoint, it is not known whether
similar physiologically relevant changes occur also in other
peripheral tissues controlling energy homeostasis, such as the
WAT depots, liver and pancreas, and if they are subject to
pathogenic dysregulation following the development of
obesity.

In order to provide an answer to some of the aforemen-
tioned open questions, we have investigated here the regu-
lation and dysregulation of endocannabinoids in the small
intestine of lean or DIO mice and in several peripheral tissues
of lean or congenitally obese rats, following food deprivation
and consumption. We have used DIO mice to investigate the
role of potentially dysregulated endocannabinoid levels in
the small intestine of obese mice because this model is more
relevant to the human condition and also because we knew
from previous data that these animals, apart from delayed
gastric emptying (Di Marzo et al., 2008), undergo adaptive
changes in their gastric endocannabinoid system (Aviello
etal., 2008; Di Marzo et al., 2008). On the other hand, we
used Zucker fa/fa rats to investigate the effect of food
deprivation/re-feeding on endocannabinoid levels in the
liver, pancreas and WAT depots, because similar studies had
been performed in lean rats (Gémez et al., 2002; Kirkham
et al., 2002; Petersen et al., 2006; Fu et al., 2007), and these
animals exhibit a leptin signalling deficiency accompanied
by obesity-related metabolic disorders, such as dyslipidaemia,
fatty liver and glucose intolerance, which might be due to
impaired hepatic, adipose and pancreatic function (Gary-
Bobo et al., 2007).
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Methods

Animals

All animal care and experimental procedures complied with
the guidelines of the University of Naples Federico II. Male, 7
week old C57Bl/6] mice were purchased from Harlan Italy
(Corezzana, MI). After 1 week acclimatization, animals were
fed a diet containing 25.5% fat (49% of calories), 22% protein
and 38.4% carbohydrate (TD97366, Harlan, Italy) for 8 and 14
weeks. Control mice received standard diet containing 5.7%
fat (10.9% of calories), 18.9% protein and 57.3% carbohydrate
(2018, Harlan, Italy). The fatty acid compositions of the stan-
dard and HFD have been reported previously (see ‘STD’ and
‘HFD1’ diets in Matias et al., 2008a), and show that the HFD
used here contains significantly higher amounts of saturated
and monounsaturated fats and lower amounts of both
o3- and w6-polyunsaturated fatty acid precursors, that is,
linoleic and o-linolenic acids, respectively, although the ratio
between the latter fatty acids was similar in the two diets.
Body weight was measured weakly. Mice were fed ad libitum,
except for the 12 h period immediately preceding Kkilling,
which was after treatment for 3, 8 and 14 weeks. Fasting
plasma glucose levels were determined in 12 h fasted animals
using the glucose test kit with an automatic analyser (AQccu-
Chek® Active, Roche, Nutley, NJ, USA) in blood samples
obtained from tail vein. Measurements were made at time O
and after 3, 8 and 14 weeks of dietary treatment.

Seven week old Wistar rats (Harlan, Corezzana, MI, Italy,
~280 g body weight) and age-matched obese Zucker fa/fa rats
(from Charles River, Italy, ~320 g body weight) were given
different feeding regimens, after 1 week of acclimatization.

At the end of the dietary treatments, the small intestine
(from mice), and the liver, pancreas, duodenum and adipose
(subcutaneous and visceral) tissues (from rats) were removed
and immersed into liquid nitrogen, to be stored at —70° until
extraction and purification of endocannabinoids.

Drug regimens in mice

Arachidonoylchloroethanolamide (ACEA; 0.125, 0.25, 0.5
and 1.0 mg-kg') and rimonabant (0.1, 0.2, 0.4 and
0.8 mg-kg™) were given i.p. 30 min before the administra-
tion of the fluorescent marker. ACEA was purchased
from Tocris Cookson (Bristol, UK), while rimonabant
[5-(p-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-N-
piperidinopyrazole-3-carboxamide hydrochloride] was a gift
from Sanofi-Aventis Recherche, Montpellier, France. ACEA
and rimonabant were dissolved in dimethyl sulphoxide
(1uL-10 g"), which per se had no significant effect on
intestinal transit.

Measurement of intestinal transit in mice

Transit was measured by evaluating the intestinal location of
rhodamine-B-labelled dextran (Capasso et al., 2005; 2008a).
Animals were given fluorescent-labelled dextran (100 uL of
25 mg-mL" stock solution) via a gastric tube into the stomach.
Twenty min after administration, the entire small intestine
with its content was divided into 10 equal parts. The intestinal
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contents of each bowel segment were vigorously mixed with
2 mL of saline solution to obtain a supernatant containing the
rhodamine. The supernatant was centrifuged at 800x g to
sediment the intestinal chyme. The fluorescence in duplicate
aliquots of the cleared supernatant was read in a multi-well
fluorescence plate reader (LSS5 Luminescence spectrometer,
Perkin Elmer Instruments; excitation 530 = 5 nm and emis-
sion 590 * 10 nm) for quantification of the fluorescent signal
in each intestinal segment. From the distribution of the fluo-
rescent marker along the intestine, we calculated the geometric
centre (GC) of small intestinal transit as follows:

GC= z(fraction of fluorescence per segment x

segment number)

GC ranged from 1 (minimal motility) to 10 (maximal motil-
ity). This procedure yielded a non-radioactive measurement
of intestinal transit.

Treatments in rats

Groups of five Wistar or Zucker rats were either fed ad libitum
overnight and before death (‘ad lib’ groups, killed at 7.30 am),
or kept without food overnight and then killed (‘fasted’
groups, Kkilled at 7.30 am) or kept without food overnight
until 7 am, then fed for 30 min and then killed.

Measurement of endocannabinoid levels

The extraction, purification and quantification of AEA and
2-AG from tissues require several biochemical steps as
described previously (Di Marzo et al., 2001). First, tissues were
homogenized (Dounce homgenizer) and extracted with
chloroform/methanol/Tris-HCI 50 mmol-L™" pH 7.5 (2:1:1, by
vol.) containing internal standards ([*H]s AEA and of [*H]s
2-AG, 10 pmol each). The lipid-containing organic phase was
dried down, weighed and pre-purified by open bed chroma-
tography on silica gel. Fractions were obtained by eluting the
column with 9:1 (by vol.) chloroform/methanol. After lipid
extraction and separation, the pre-purified lipids were then
analysed by liquid chromatography-atmospheric pressure
chemical ionization-mass spectrometry (LC-APCI-MS) by
using a Shimadzu HPLC apparatus (LC-10ADVP) coupled to a
Shimadzu (LCMS-2010) quadrupole MS via a Shimadzu APCI
interface as previously described (Marsicano et al., 2002). The
amounts of endocannabinoids in the tissues, quantified by
isotope dilution with the above-mentioned deuterated
standards, are expressed as pmol or nmol (g wet tissue)™.

Statistical analyses

Data are expressed as the mean + SEM. To determine statis-
tical significance, Student’s t-test was used for comparing a
single treatment mean with a control mean, and a one-way
ANOVA followed by a Tukey-Kramer multiple comparisons test
was used for analysis of more than two treatment means.
ANOVA followed by the Bonferroni’s test was used for compari-
sons of endocannabinoid levels. P-values <0.05 were consid-
ered significant. The dose of ACEA that produced 50%
inhibition of intestinal transit (EDs,) or maximal inhibitory
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effect (Emax) were used to characterize its potency and efficacy
respectively. The EDs, and En.x values were calculated by non-
linear regression analysis using the equation for a sigmoid
dose-response curve (GraphPad Prism).

Results

Experiments in DIO mice

After both 8 and 14 weeks of HFD, mice exhibited signifi-
cantly increased body weight and blood fasting glucose levels
with respect to mice fed with normal chow for the same
periods of time (Aviello et al., 2008; Di Marzo et al., 2008;
Matias et al., 2008a) and were considered to have DIO. These
DIO mice also exhibited significantly higher intestinal transit
than control mice at both 14 and, particularly, 8 weeks
(Figure 1). AEA levels in the small intestine were reduced at
both time points, although the effect was more marked after
8 weeks (Table 1). At this time point, but not after 14 weeks,
2-AG levels were significantly higher in DIO than in control
mice given the standard diet (Table 1). The selective CB,
receptor antagonist, rimonabant, increased intestinal transit
at both time points and it was less active in DIO than in lean
mice after 8, but not 14, weeks of HFD (Figure 1). ACEA was
tested only after 8 weeks of dietary treatment and inhibited
intestinal motility with the same potency and efficacy in lean
and DIO mice (lean mice: EDsy 0.28 = 0.10 mg-Kg™"; Ennax 49 *
13%. DIO mice: 0.33 £ 0.12 mg-Kg™"; Emax 48 = 12%, n=35).

Experiments in lean wild-type and obese Zucker fa/fa rats

In agreement with previous data (Gomez et al., 2002; Petersen
etal., 2006; Fu etal.,, 2007), overnight food deprivation
(fasting) caused a significant increase of AEA levels in the
duodenum of lean rats, and this effect was reversed by
re-feeding after food deprivation (Table 2). For the first time,
however, we report here that also 2-AG levels are increased by
food deprivation and decreased by re-feeding in this tissue
(Table 2). Furthermore, we found that a similar food
deprivation-induced elevation of AEA and 2-AG levels
occurred also in the liver and pancreas, although in this case
re-feeding did not restore the baseline levels of the two com-
pounds, except for AEA levels in the liver (Table 2). No sig-
nificant changes were induced by these treatments in the two
analysed WAT depots (Table 2).

In obese Zucker fa/fa rats, basal AEA and/or 2-AG levels were
higher than in lean rats in the duodenum, pancreas and liver
(Table 2). Visceral adipose tissue AEA levels were slightly (~1.5)
lower in Zucker rats whereas the subcutaneous adipose tissue
AEA levels were dramatically (~5-fold) lower in these obese
animals than in lean mice. 2-AG levels were unaltered in either
the visceral or subcutaneous fat of Zucker or lean wild-type
rats (Table 2). In contrast to its effects in lean rats, food dep-
rivation induced a significant increase of AEA levels in both
visceral and subcutaneous fat, and this effect was reversed by
re-feeding (Table 2). Conversely, the effects of food depriva-
tion and re-feeding observed in the duodenum, liver and
pancreas of lean rats were different in Zucker rats (Table 2). In
particular, in the duodenum, re-feeding did not any longer
reduce 2-AG levels. Both AEA and 2-AG levels after food
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deprivation and re-feeding in this tissue were dramatically  and 2-AG levels, and re-feeding even increased AEA levels. On
higher than in lean rats after the same treatments. In the liver,  the other hand, the levels of AEA in this organ after food
the effect of food deprivation on 2-AG levels was lost. In the  deprivation were lower than in lean rats after the same
pancreas, food deprivation did not affect any longer AEA  treatment.
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Table T Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) levels in the small intestine of mice fed for up to 8 or 14 weeks with standard
(STD) or high-fat diet (HFD)
8 weeks 14 weeks
AEA 2-AG AEA 2-AG

(pmol-g™" wet tissue)

(nmol-g™" wet tissue)

(pmol-g”" wet tissue) (nmol-g™" wet tissue)

STD 159.7 £ 26.2
HFD 74.8 = 9.0*

71 1.3

16.3 = 2.8

123.7 £ 7.2
96.1 = 9.8*

109 = 1.2
123 =28

Data are means * SE of four experiments. *P < 0.05 versus corresponding STD samples.

Discussion

Here we have described new studies aimed at investigating the
regulation and dysregulation of endocannabinoid levels in
peripheral tissues directly involved in food intake and glucose
and lipid processing following either prolonged feeding with
an HFD leading to hyperglycemia and DIO in mice, or after
food deprivation and re-feeding in lean and genetically
obese rats.

Endocannabinoid dysregulation in the small intestine of DIO
mice: possible impact on intestinal motility
In the first series of experiments carried out in this study, we
have shown that an 8-14 week HFD causes significant
changes in small intestine AEA and, after 8 weeks only, 2-AG
levels. Interestingly, these two major endocannabinoids
showed opposing changes, AEA levels being reduced, and
2-AG levels being increased after 8 weeks of HFD. Both AEA
and 2-AG are ultimately derived from arachidonic acid, a
polyunsaturated fatty acid produced from the elongation
and desaturation of an essential fatty acid, linoleic acid, the
amounts of which were lower in the HFD used in this study.
Therefore, in view of the previous finding that higher levels
of arachidonic acid in the incubation medium of isolated
adipocytes increase the cellular amounts of 2-AG, but not
AEA (Matias et al., 2008b), it is unlikely that the finding of
increased levels of the former endocannabinoid might be due
to changes in the availability of its biosynthetic precursor.
Furthermore, the amounts of a-linolenic acid, which serves as
precursor for m3-polyunsaturated fatty acids that reduce the
levels of both AEA and 2-AG (Matias et al., 2008b), were also
significantly lower in the HFD than in the standard diet, and
this should have led to higher amounts of both endocannab-
inoids after prolonged HFD. A recent report emphasized how
the relative abundance of certain long chain fatty acids in the
diet can influence small intestinal endocannabinoid levels
after a relatively short period of time (1 week) (Artmann et al.,
2008), whereas another study suggested that the effect of
prolonged different HFDs on endocannabinoid tissue levels
depends only in part on the composition of the diets (Matias
et al., 2008a). Clearly, further studies are required in order to
evaluate the impact of polyunsaturated fatty acids (and their
precursors) in food on the tissue levels of endocannabinoids
and their biosynthetic precursors.

Although it is not unusual to find opposing changes in AEA
and 2-AG levels following various physiological or pathologi-
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cal stimuli (see Di Marzo and Maccarrone, 2008), the meaning
of the present findings in the small intestine, where activation
of CB, receptors is well known to reduce intestinal transit
(Izzo et al., 2001; Carai et al., 2006; Capasso et al., 2008b), is
worthwhile being discussed. It is well-established that AEA, or
agents capable of prolonging its lifespan by inhibiting its
degradation, inhibit intestinal transit via CB, receptor stimu-
lation, whereas blockade of CB; receptors by CB; receptor
antagonists causes the opposite effect, thus suggesting that
endocannabinoids tonically inhibit motility (see Sanger,
2007; 1zzo and Camilleri, 2008; Wright et al., 2008) for
reviews). Therefore, the decrease of AEA levels observed here,
which was greater after 8 weeks of HFD (~85 pmol-g™'), might
be seen as a possible underlying mechanism for the increased
intestinal motility in DIO mice, which was observed particu-
larly at this time point. In fact, the functional activity of small
intestinal CB, receptors per se, assessed by measuring the effect
of an exogenous selective CB; receptor agonist on intestinal
motility, did not appear to change following 8 weeks of HFD,
thus rendering changes in endocannabinoid levels a poten-
tially important determinant in small intestinal CB; receptor
tone. The present finding that blockade of CB; receptors by
rimonabant increases intestinal transit less efficaciously in
DIO than in lean mice is also suggestive of a lower CB;,
receptor tone in the small intestine of DIO mice. In fact,
rimonabant would be expected to be less active in the pres-
ence of lower constitutive or endocannabinoid-mediated CB,
receptor activity. On the other hand, the ~100-fold higher
increase of the small intestinal levels of 2-AG after 8 weeks of
HFD (~9.2 nmol-g") should have prevailed, at least at this
time point, on the smaller molar reduction of AEA levels, even
accounting for the somewhat reduced affinity of 2-AG for CB,;
receptors. In this case, contrary to our findings, HFD should
have been accompanied by reduced motility and rimonabant
should have been more active in DIO mice. It is possible that
the measured increase of 2-AG levels in DIO mice occurs at
cellular sites different from those in which inhibition of intes-
tinal motility by CB, receptors is exerted [i.e. mostly at the
level of cholinergic myenteric neurons (Sanger, 2007; Izzo and
Camilleri, 2008; Wright etal., 2008)]. Therefore, further
studies on the cellular origin of the 2-AG and AEA measured
here need to be performed before making any further specu-
lation on the endocannabinoid-mediated mechanisms
whereby intestinal motility in DIO mice is reduced.

Our present results allow us to discard the possibility that
the reduction by rimonabant of body weight in rodents is
partly due to its increase of intestinal motility, an effect that is



Table 2 Levels of anandamide and 2-arachidonoylglycerol (2-AG) in various peripheral tissues of wild-type and Zucker obese rats

Tissue

Feeding status

Endocannabinoid

Subcutaneous adipose tissue

Visceral adipose tissue

Pancreas

Liver

Duodenum

525 5.1

327 £ 24

147 £ 1.7

21 +03 54x08

Anandamide (pmol-g™' wet tissue weight) Ad lib

Wild type rats

64.8 = 9.3

Fasted 7.8 &= 1.1%x* 37.9 £ 1.0%** 47.9 + 5.8** 32527

Re-fed
Ad lib

46.5+7.3

359 £33

28.2 = 4.2*%%
3.1 £0.5

10.7 + 1.7%8%
2804

3.4 *+0.3%

6.0 1.2
12.8 = 1.3**

0.3
0.2
0.3

2-AG (nmol-g™" wet tissue weight)

53 = 0.1*

5.2 = 0.4*
4.6 = 0.2**

Fasted
Re-fed
Ad lib

0.3

2.7
11.2 = 1.4%

1.9

4.8 = 0.7*
6.7 = 0.9

6.4 + 0.2%

43 =0.7*
37.4 &+ 34700

18.1 = 4.4%
341 = 5.1*

7.2 =0.3*

Anandamide (pmol-g™' wet tissue weight)

Zucker rats

24,9 + 4. 2%%H

9.6 = 0.5%
30.3 + 5.0%

Fasted 26.3 = 5.9**

Re-fed
Ad lib

9.9 = 1.1%#
1703

19.1 = 2.5%#

7.5 £ 0.7%

5.0 = 0.5%
51 +0.7

10.8 = 2.0%8#

52.3 £ 5.1%#
236.8 = 61.8**

0.1
0.1

0.2

7.2 £ 0.8%

6.8 0.7
5.2*0.6

2-AG (nmol-g™' wet tissue weight)

1.3 +0.2%
1.3 £0.2*

1.3 +

Fasted
Re-fed

+1.0

5.5

130.3 * 28.6"

For each strain of rats there were three treatment groups, those fed ad libitum (ad lib groups), those fasted overnight (fasted groups) and those fasted overnight and then re-fed for 30 min (re-fed groups). Data are

means * SD of separate determinations in 4-5 rats.

*xxxxkp < 0,05, 0.01 and 0.005 versus lean ‘ad lib” in the same rat strain respectively; $53%P < 0.05, 0.01 and 0.005 versus ‘fasted’ in the same rat strain respectively; ####p < 0.05, 0.01 and 0.005 versus corresponding

group in lean rats respectively.
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also observed in obese patients (Van Gaal et al., 2008) and
that might lead to reduced nutrient adsorption. In fact, it is
well-established that rimonabant, a CB, receptor antagonist
with multiple beneficial effects (Costa, 2007; Croci and Zarini,
2007; Di Marzo and Szallasi, 2008; Malfitano et al., 2008;
Schifer et al., 2008), is more effective at reducing body weight
in obese versus lean rodents (Vickers et al., 2003), whereas the
opposite was observed here with regard to increased intestinal
transit. Furthermore, our present observation of opposing
changes in intestinal AEA and 2-AG levels in DIO mice might
be relevant to potential effects of the molecular targets of
these compounds on either food intake-regulatory intestinal
peptides (such as cholecystokinin, peptide YY and oxynto-
modulin) or incretins (such as glucose-dependent insulinotro-
pic polypeptide and glucagon-like peptide-1). Specific studies
are now needed to investigate the intriguing possibility that
intestinal polypeptides participate in some of the noxious
effects of dysregulated CB; receptors on glucose and lipid
metabolism.

Effect of food deprivation/re-feeding on endocannabinoid levels

in the duodenum, liver, pancreas and WAT of lean rats

The present finding of decreased small intestinal AEA levels
following prolonged consumption of HFD in mice might be
linked to the previous finding of increased AEA levels in the
duodenum (the initial part of the small intestine) of rats
following food deprivation (Gémez etal., 2002; Petersen
et al., 2006; Fu et al., 2007). This finding might suggest that in
this tissue, the levels of this endocannabinoid are always
regulated in a way to adapt to transient shortage or chronic
abundance of nutrients, not only by adjusting intestinal
transit but, perhaps more importantly, by inhibiting or stimu-
lating satiety, respectively, via the sensory and vagal afferents
to the brainstem that originate from the duodenum (Gémez
et al., 2002; Burdyga et al., 2004; Capasso and [zzo, 2008). In
the series of experiments carried here in rats, we confirmed
that food deprivation enhances, and re-feeding reduces,
duodenal AEA levels. Furthermore, we also report for the first
time that 2-AG levels are regulated in the same way in these
animals. We have also observed here that food deprivation
exerts in the liver and pancreas, but not in the WAT, of lean
rats effects on endocannabinoid levels similar to those
reported previously and here in the duodenum. In these two
tissues, however, re-feeding only partially restored baseline
AEA levels, without affecting 2-AG levels. These data are
potentially relevant to what we know about the possible role
played by CB; receptors in these two organs in lean rodents.
Our finding of an incomplete reversal of increased endocan-
nabinoid tone following food deprivation in the pancreas
might be partly explained by the previously reported negative
control by both insulin and leptin over endocannabinoid
levels in insulinoma B-cells (Matias et al., 2006). Reduced
leptin and insulin levels in food deprivation would cause
dis-inhibition of endocannabinoid levels in the endocrine
pancreas. However, following food intake, leptin and insulin
levels are elevated, and yet pancreatic 2-AG levels are not
reduced, possibly because they are stimulated by other
hormones released following food intake or by glucose
(Matias etal., 2006), and are needed to further stimulate
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glucose-induced insulin release, necessary for new energy pro-
cessing. Indeed, CB; receptor stimulation in B-cells from
human pancreatic islets and rat insulinoma cells enhances
glucose-induced insulin release (Matias etal.,, 2006;
Bermudez-Silva et al., 2008). In hepatocytes from lean mice,
CB; receptors are coupled to reduced fatty acid oxidation and
increased fatty acid synthesis (Osei-Hyiaman et al., 2005).
Thus, elevated hepatic endocannabinoid levels following
food deprivation might counterbalance the hepatic oxidation
of fatty acids and elevate circulating free fatty acids, which
might be needed for glucose-induced insulin secretion when
fasting is terminated (Stein et al., 1996). On the other hand,
following food intake, when easily utilizable ‘fuel’ becomes
again available, 2-AG (but not AEA) levels remain elevated to
make sure that at least some of this fuel is directed into fatty
acid synthesis. Finally, the fact that there is no increase in
endocannabinoid levels in WAT following food deprivation is
in agreement with the adipogenic and pro-lipogenic role of
the endocannabinoid system in this tissue (Bellocchio et al.,
2008), as one would expect that during food deprivation some
of the energy stored in fat is released via lipolysis, and such an
event could not occur in the presence of increased CB, recep-
tor tone. However, as we did not compare here the expression
or functional activity of CB, receptors in rat tissues following
food deprivation and re-feeding, the physiological relevance
of the observed differences in endocannabinoid levels needs
to be further investigated.

Endocannabinoid dysregulation in the duodenum, liver, pancreas
and WAT of obese (fa/fa) rats

Another set of experiments carried out here consisted of
repeating the food deprivation and feeding experiments in
obese Zucker rats. First of all, we report for the first time that,
similar to previous observations in DIO mice (Osei-Hyiaman
et al., 2005; Starowicz et al., 2008), Zucker rats exhibit signifi-
cantly higher endocannabinoid (2-AG and/or AEA) levels in
the liver and pancreas and dramatically reduced AEA levels in
the subcutaneous adipose tissue, with a small decrease of AEA
in visceral fat and no changes of 2-AG in both WAT depots.
The possible relevance of these findings to the development
of fatty liver, hyperinsulinemia, insulin resistance and visceral
fat accumulation has been discussed already for DIO mice (see
Introduction; Di Marzo, 2008a,b). Additionally, as already
described above for the small intestine of DIO mice (where
2-AG levels are increased and AEA levels reduced as compared
with mice fed a standard diet), Zucker rats exhibited dramati-
cally higher levels of 2-AG in the duodenum, and slightly
higher levels of AEA too. These alterations might be respon-
sible, in part, for the hyperphagia typical of these animals,
which is also due to impaired satiety mechanisms (Gomez
et al., 2002; Burdyga et al., 2004). Furthermore, and perhaps
more importantly, the pattern of food deprivation and
re-feeding-induced effects on peripheral endocannabinoid
levels was quite different in these obese and hyperglycaemic/
dyslipidaemic rodents. In the liver, the potentially pro-
lipogenetic action of food deprivation-induced enhanced AEA
levels is maintained, thus possibly underlying in part also the
development of fatty liver, which Zucker rats exhibit at a late
stage in their life (Gary-Bobo et al., 2007). However, re-feeding

British Journal of Pharmacology (2009) 158 451-461

still caused a reduction of hepatic AEA levels. In the pancreas,
food deprivation did not change the basal levels of both
endocannabinoids, and re-feeding even increased AEA levels.
This indicates that the elevated or unaltered pancreatic basal
levels of 2-AG or AEA, respectively, in Zucker rats are not
subject to regulation during feeding behaviour, thus possibly
resulting in dysregulation of insulin release from B-cells. In
fact, the elevated AEA levels observed after re-feeding might
be responsible in part for exaggerated post-prandial hyperin-
sulinemia in these animals. In the duodenum, endocannab-
inoid levels were increased by food deprivation to a greater
extent than in lean mice, and AEA and 2-AG levels in food-
deprived Zucker rats were ~5 and almost 20-fold higher,
respectively, than those measured in fasted lean rats. Further-
more, unlike those in lean rats, 2-AG levels were not reduced
by re-feeding and duodenal levels of both endocannabinoids
after re-feeding were again ~3 and ~20-fold higher than in
lean rats. This phenomenon is again likely to be related to the
typical hyperphagia of these animals, which are in a perma-
nently ‘hungry’ state, but it might also result in dysregulation
of intestinal polypeptides affecting metabolism (see above).
On the other hand, although basal AEA levels are almost
unaltered or markedly reduced in the visceral and subcutane-
ous adipose tissue of Zucker rats, respectively, they become
stimulated by food deprivation and reduced by re-feeding.
This ‘out-of-phase’ activation/inactivation of a pro-lipogenic
and adipogenic system with respect to energy replenishment
might impair the capability of the animal to store fat in the
WAT after feeding, particularly in the ‘healthier’ subcutaneous
depot, and thus contribute to ectopic fat accumulation
outside the WAT. Also in the case of Zucker rats, however,
further speculations on the pathological significance of the
observed changes in peripheral tissue endocannabinoid levels
following food deprivation and re-feeding will have to await a
full evaluation of the expression or functional activity of CB,
receptors under the various experimental conditions used
here.

What are the possible mechanisms of the alterations in
basal and food deprivation/re-feeding-induced changes in
endocannabinoid levels observed here in Zucker rats? These
animals are characterized by systemic impairment of leptin
signalling, which was suggested to inhibit tonically endocan-
nabinoid levels in both the hypothalamus and WAT (Di
Marzo etal., 2001; Buettner et al., 2008). However, while
Zucker rats do exhibit elevated endocannabinoid levels in the
hypothalamus (Di Marzo et al., 2001), they did not show here
increased endocannabinoid levels in the WAT (if anything,
the contrary effect was observed), thus suggesting that, at
least in this species, leptin might not tonically control WAT
endocannabinoid levels. Clearly, also the alterations in food
deprivation/re-feeding-induced changes of endocannabinoid
levels observed in Zucker rats cannot be due to alterations in
leptin sensitivity. However, as mentioned above, insulin,
which should have a more global action than leptin, was also
suggested to control endocannabinoid levels (Matias et al.,
2006; D’Eon et al., 2008), and Zucker rats are insulin-resistant.
Therefore, at least the increased hepatic and pancreatic 2-AG
and/or AEA levels can be ascribed in part to insulin resistance,
which in fact might be responsible also for the fact that the
fasting induced-elevation of endocannabinoid levels observed



here in these same tissues in Zucker rats was significantly
lower than in lean rats. Conversely, the finding of fasting
induced-elevation of endocannabinoid levels in the WAT of
Zucker, but not lean, rats clearly cannot be due to improved
insulin sensitivity. Other possible reasons might be changes in
hormones other than insulin and leptin that, like the latter,
act on the WAT, and the plasma levels of which are still
modulated by fasting and reduced by re-feeding in obese
animals. For example, glucocorticoids, are not higher in the
plasma of ad libitum fed Zucker rats compared with lean rats,
but are elevated by fasting significantly more in the former
animals (Doyon et al., 2006). Such hormonal variations might
explain the stronger effects of food deprivation observed here
in the duodenum and adipose tissues of these obese animals.

In conclusion, we have reviewed here the increasing evi-
dence in favour of a dysregulation of endocannabinoid tone
in obesity and hyperglycaemia, with particular emphasis on
peripheral tissues involved in energy homeostasis, such as the
proximal intestine, liver, pancreas and WAT. Furthermore, we
have provided new data, obtained in two different animal
models of obesity and in the corresponding lean controls, on
endocannabinoid regulation and dysregulation during
obesity and/or hyperglycemia, in these tissues. Our data,
together with the previous findings discussed here, suggest
that peripheral dysregulation of endocannabinoid levels in
obesity might affect functions ranging from food intake and
nutrient processing in the gastrointestinal tract to metabolic
control by the liver, pancreas and WAT, also in relation to the
regulation of these functions during energy depletion and
replenishing.
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